Published data on palmar interdigital ridge counts (a-b, b-c, and c-d) among 57 populations from the Indian subcontinent were analyzed with reference to ethnic, socioeconomic, linguistic, and geographic affiliations of the studied populations. The spatial autocorrelation analysis suggests significant correlation between dermatoglyphic and geographic distances. The congruence with the ethnic semblance of the groups is also apparent in the data, and, in fact, the multiresponse permutation procedure did suggest highly significant within-group homogeneity, confirming the biological validity of the social and ethnic criteria used in the analysis. The plots of populations on the first two principal components, accounting for 92% of the total variance, complement and support the results based on the other analyses, which show certain ethnic and geographic patterns. These findings can serve as baseline information for future studies on population variation in India, particularly studies based on molecular genetic markers, a trend that has already gained momentum.
common origin, but other sociological phenomena, such as Sanskritization rather than genetic fission, were responsible for the existence of caste clusters (Karve and Malhotra 1968) . This ubiquitous scenario in India provides unique opportunities to answer questions about the microevolutionary dynamics of the groups.
To understand microevolution and/or the pattern of variation among the populations, researchers have analyzed different sets of variables, such as anthropometrics, dermatoglyphics, and traditional genetic markers, although currently DNA markers are used for the same purpose. A number of studies have suggested high congruence between dermatoglyphic affinities and geographic and/or ethnohistorical patterns, particularly with reference to finger ridge counts (Jantz et al. 1982; Reddy and Reddy 1992; Krishnan and Reddy 1994) or finger pattern frequencies (Crawford and Duggirala 1992; Demarchi and Marcellino 1998) , although other studies found better results from the analysis of palmar variables (Jantz and Chopra 1983; Reddy et al. 1988; Demarchi et al. 1997; Demarchi 2000) .
Dermatoglyphic traits, in particular, quantitative finger and palmar interdigital ridge counts, are polygenic with moderate to high heritability. Dermatoglyphic traits are probably less amenable to selection (Van Valen 1963; Rogers and Harpending 1983; Blangero 1988; Loesch 1979; Loesch and Martin 1984; Loesch and Wolanski 1985) and stochastic processes of evolution (Rife 1954; Mavalwala and Hunt 1964) than genetic markers and anthropometric variables. Dermatoglyphic traits are thus expected to be phylogenetically more stable than other biological variables and may help to reconstruct biological human prehistory because they are more independent of evolutionary and environmental forces than other traits (Plato 1970; Rothhammer et al. 1977; Rudan 1978; Giles 1981a, 1981b) . A classic example of the temporal stability of dermatoglyphic traits is the close resemblance between Jewish populations of different countries after 2,000 years of separation (Sachs and Bat-Miriams 1957) . Contrary to these inferences, Babler (1978) demonstrated prenatal selection on dermatoglyphic patterns and Rogers and Harpending (1983) argued that quantitative traits are just as amenable to stochastic processes as single-gene traits.
Although numerous studies have focused on the pattern of dermatoglyphic variation in India, they are each based generally on a few endogamous groups and are dispersed over different regions. Only a handful of systematic and comprehensive studies have been undertaken at the regional Reddy 1992, 2001; Karmakar et al. 1996; Reddy et al. 2000) and national (Krishnan and Reddy 1994) levels. In the present study we attempted to collate published data on three interdigital ridge counts on both hands from 57 Indian populations; we subjected these data to comprehensive statistical analyses to elucidate patterns of variation with particular reference to geographic, ethnic, and linguistic affiliations. Although the current trend is to use molecular genetic markers for the purpose of gaining insights into population histories and relationships, we nevertheless hope that the results of our dermatoglyphic analyses can serve as a useful baseline for upcoming human genome diversity studies on Indian populations. Table 1 .
Materials and Methods
Sample. The study includes 57 populations: 8 populations from Nepal and Bhutan, 23 from Maharashtra, 11 from northern Indian, 5 from central India, 8 from southern India, and 2 from Andaman ( Figure 1 ). Out of these 57 populations 12 are tribal groups and the remaining 45 are Hindu caste groups, which are further subdivided according to their social and/or ethnic affiliations (Table 1) . The variables used in the analysis were the interdigital a-b, b-c, and c-d ridge counts for each hand, which correspond to the number of ridges between the palmar distal digital triradii a and b, b and c, and c and d, respectively. The name Karmakar et al. (1996) Sarkar (1991) a. 1, Upper castes; 2, middle castes; 3, lower castes; 4, nomads; 5, Asian groups; 6, Australian groups; 7, African groups.
of each population, social or ethnic affiliation, geographic location in terms of latitude and longitude, sample size, and mean value for each of the interdigital ridge counts is given in Table 1 , along with the published sources of the data. The published data were predominantly from males; hence data on only male samples were used for the present study. Furthermore, the Indian studies in general and particularly those considered for the present study treated the b-c and c-d ridge counts as missing when the c triradius was absent. We find that such cases were uniformly excluded from the analyses when the three interdigital ridge counts were considered. Therefore the sample sizes given in Table 1 are for samples with each of the three interdigital ridge counts scored. Although the Indian castes were grouped by socioeconomic similarity, tribal groups were categorized on the basis of their physical features or characteristics as Asian, Australian, and African. The Asians represent the tribal populations of northeastern India, and the Australian category is represented by the tribal populations of the southern and central parts of India. The two tribal populations from the Andaman Islands represent the African category.
Statistical Procedures
Multiple Mantel Tests. Association between dermatoglyphics (as measured by Euclidean distances computed from correspondence analysis scores), geography (computed as great circle distances), and linguistics (ordinal language distances between groups were computed based on hierarchical classification) were examined using the Mantel test (Mantel 1967) . In addition, the Smouse-Long-Sokal test (Smouse et al. 1986 ) was used to produce partial and multiple matrix correlations. This method extends Mantel's statistic to three or more matrices and tests whether an association between matrix A and B is significant when one or more matrices C, D, .. . are held constant.
Ordinal language distances were obtained using a simple criterion: Distance between populations speaking the same language was scored as 1; distance between populations of the same linguistic family but speaking different languages was scored as 2; and distance between populations speaking languages of different linguistic families was scored as 3. The populations included in the present study fall into three broad language families, namely, Dravidian, IndoEuropean, and Tibeto-Burman, besides the unique language category of the Andaman Islanders.
Multiresponse Permutation Procedure. The multiresponse permutation procedure (MRPP) was used to test the significance of association between dermatoglyphic variation on the one hand and patterns of social-ethnic and geographic variation of the populations on the other (Mielke et al. 1981) . The MRPP is a nonparametric procedure for testing the hypothesis of no differences among two or more groups of populations; it is equivalent to discriminant analysis or oneway analysis of variance (MANOVA) (McCune 1991) . Because the probability value of an MRPP statistic is derived through a permutation argument, there are no distributional requirements on the data, such as multivariate normality and homogeneity of variances.
A permutation is a specific arrangement or assignment of all N objects (in this case population samples) to the specified groups (here grouped by ethnic and geographic affiliation). The null hypothesis for the MRPP states that all the possible permutations are equally likely. The test statistic indicates the extent of differentiation between groups. The observed ␦ (the average of the within-group distances) is compared to an expected ␦, which is calculated to represent the mean ␦ for all possible partitions of the data. Small values of ␦ indicate a tendency for clustering, whereas larger values of ␦ indicate a lack of clustering. The variance and skewness of ␦ are descriptors of the distribution of all possible values of ␦ corresponding to the possible partitions of the items. The probability value expresses the likelihood of obtaining a ␦ as extreme or more extreme than the observed ␦, given the distribution of all possible ␦ [for details, see Zimmerman et al. (1985) ].
Principal Components Analysis.
A principal components analysis was used to graphically represent the relationships among populations based on palmar ridge counts. This method is a general technique for reducing the dimensions of variability. This reduction technique looks for linear combinations of the original measurements that preserve as much of the variation as possible. The correlation matrix instead of the covariance matrix was preferred in deriving the principal component scores/eigenvectors. Spatial Autocorrelation. Spatial autocorrelation analysis (Cliff and Ord 1973; Sokal and Oden 1978) of palmar dermatoglyphics was used to explore continental-scale patterns of population structure among the 57 populations of the Indian subcontinent. Longitude and latitude for each population were estimated from maps of the region. Spatial autocorrelation analysis and construction of correlograms were carried out using Moran's I, a product-moment coefficient. We used 18 distance classes, each with an interval of 125 km, because this is roughly the upper limit for mating distances.
Results
Principal Components Analysis. The projection of populations with geographic and social-ethnic affiliations onto the first two eigenvectors derived from the analysis of six variables (interdigital ridge counts for both hands) and by using a correlation matrix (Table 2) is depicted in Figures 2 and 3 , respectively. The first axis, which explains about 80% of the total variation, is a size component, where populations possessing a higher number of interdigital ridge counts are placed more to the right-hand side of the plot (Figure 2) . Broadly, the first Table 1. axis separates the northern and most of the Maharashtran groups from the rest of the populations, besides showing a greater proximity of the populations of each region (Figure 2 ). There is also some tendency of clustering within these broad geographic categories, consistent with their socioeconomic position. Furthermore, populations from Nepal and Bhutan have been placed relatively closely together on the left-hand side of this plot (Figure 2 ). Populations from central and southern India, which are ethnically heterogeneous, are scattered all around, and a couple of those are outliers (populations 23C, 22C, and 50S in Figure 2 ). The two primitive groups from the Andaman Islands are clear outliers, separated from the other populations on both the first and second axes. On the second axis, Table 1. which accounts for 12% of the variation, positive scores represent high values for a-b ridge counts and negative scores correspond to high values for b-c and c-d scores. On this axis, except for the outliers, there is little differentiation; but most of the northern groups lie in the upper right quadrant of the scatterplot, whereas the Maharashtran groups lie in the lower half. It is apparent in Figure 3 that there is tendency for proximity based on ethnic-social affiliation within homogeneous geographic regions, not generally across the regions. For example, the upper castes from northern India (populations 10U, 12U, 13U, 15U, and 16U), the Australian groups from southern India (populations 48A, 49A, 51A, and 55A), and the two African and Asian populations from the Andaman Islands (populations 56B and 57B) and Nepal and Bhutan (populations 1C, 2C, 3C, 7C) tend to be placed closer to each other. Thus the effects of geography and socioeconomic-ethnic effects appear somewhat confounding.
MRPP.
The results of the MRPP, which are expected to qualitatively complement the multivariate plots from the principal components analysis, are summarized in Table 2 . The MRPP analysis for the groups clustered by social and ethnic affiliation reveals that the average distances observed between populations, within groups, are significantly lower ( p Ͻ 0.001) than the distances expected for groups of populations randomly generated. A more detailed analysis shows a lack of clear clustering for the lower castes, because within-group distances were observed to be higher than the distance expected from a random distribution. However, within-group distances were observed to be lower than the distance expected from a random distribution for the upper and middle castes. The nomadic populations from Maharashtra and the ethnically defined groups (Asians, Australians, and Africans) also show clear within-group patterning, with distance values markedly lower than the expected values. The MRPP analysis for the groups clustered by major geographic regions yielded even higher values of significance for the clusters, and only one of the six clusters (central India) exhibited within-group distances higher than those expected for a random distribution of populations within the groups. Table 3 provides the correlation values between pairs of dermatoglyphic, geographic, and linguistic distance matrices. The correlation values are moderate but statistically highly significant ( p ‫ס‬ 0.001) between the pairs of all the different matrices. However, the association between dermatoglyphics and geography (r ‫ס‬ 0.298) seems slightly stronger than that between dermatoglyphics and linguistics (r ‫ס‬ 0.194). The high correlation observed between the geographic and linguistic distances (r ‫ס‬ 0.448) could be due to the fact that the linguistically similar groups are geographically clustered. That the partial correlation between the distance matrices of dermatoglyphics and geography is high, even after removing the effect of language, suggests that geography mediates the population structure significantly independently of the linguistic differences (partial r ‫ס‬ 0.242). On the other hand, the effect of language differences on the dermatoglyphic variation is small (r ‫ס‬ 0.088) but nevertheless significant when the effect of geography is held constant. The multiple correlation value between dermatoglyphics and the combined effects of geography and language is moderately high (r ‫ס‬ 0.275) and significant ( p ‫ס‬ 0.001). The Andaman and Nicobar Islands, although politically aligned with the Indian subcontinent, are not geographically contiguous with it, and the populations from this region speak somewhat unique languages compared with those on the Indian subcontinent. To verify whether these unique linguistic and geographic positions of the populations influenced the results of the Mantel correlations and other analyses, we reanalyzed the data by excluding those groups. Although there was a general reduction in the absolute values of the Mantel correlations, etc. (Tables 3 and 4) , the results remained qualitatively similar.
Mantel Test and Multiple Correlations.
Spatial Autocorrelation. We examined the form of geographic patterning of the dermatoglyphic variation and tried to identify the kind of spatial processes implicated. Results of the spatial autocorrelation analysis for palmar interdigital ridge counts (both hands pooled) are summarized in Table 5 . Spatial correlograms for the a-b, b-c, and c-d interdigital ridge counts are shown in Figure  4 . The horizontal axis measures geographic distance between populations (in kilometers), and the vertical axis shows the standardized (z-score) value of Moran's I at each spatial lag. Moran's I values are plotted at the upper distance limit for the lags. Several salient features emerge from Figure 4 . First, there is a high degree of similarity in the plots for the three ridge count measures. All three correlograms illustrate a general trend of monotonic decline in the level of spatial autocorrelation: from large positive values at the smallest spatial lags, followed by a sharp decline to the large negative values in the intermediate distances. This is followed by a zigzag pattern of the distribution of Moran's I, around the value of 0, until the last distance lag, which shows by far the lowest I value. Yet, overall, all three variables show this pattern to be statistically significant. The plots of these variables can be considered to represent the first law of geography, that is, ''Everything is related to everything else but near things are more related than distant things.'' This pattern is consistent with Reddy, Demarchi et al.'s (2001) study, based on anthropometric and genetic markers, of 20 populations of the Dhangar caste cluster distributed throughout the state of Maharashtra in India. This suggests that these biological systems exhibit strong patterns over short distances but are not spatially patterned monotonically over large distances.
Discussion
The results of the four analytical procedures to understand the pattern of variation in palmar interdigital ridge counts among the Indian populations are complementary. Broadly, both the principal components analysis and the Mantel test suggest patterning of the population structure based on geography, socialethnic, and/or language affiliation, although not as clearly as one would have liked to be able to assign palmar dermatoglyphic features to specific geographic regions or social-ethnic or linguistic groups. Nevertheless, the effect of geography on dermatoglyphic variation seems more pervasive, given that the Mantel correlation remains highly significant even after nullifying the effect of linguistic differences. Likewise, the MRPP analysis also suggests statistically significant patterns, implying biological validity of the assigned groupings of populations based on geographic and/or sociocultural and ethnic criteria. For example, the relatively close positioning of the Dhangar groups of Maharashtra is both geographically and ethnically consistent, because they belong to a homogeneous occupational group constituting a caste cluster. Similarly, although it is apparent that there is no clear pattern of social subclustering within the northern Indian groups, the clustering of these groups is evident. It may be pertinent to note here that Reddy and Reddy (1992) observed that, because of the relatively greater evolutionary stability of dermatoglyphic traits, the short-term differences that could be expected among caste groups of the same geographic and linguistic region might not be reflected.
The other regional groups, such as the Nepalese and tribes from the Andaman Islands, are differentiated from other regional groups, consistent with their distinct geographic positions. The absence of compact clustering of central and southern Indian populations might be due to the relatively greater linguistic and geographic heterogeneity of the populations constituting these groups. For example, in the southern Indian groups, four distinct languages can be found; this is also the case in the central and eastern Indian groups. The most important observation is the fact that there was no tendency for populations to cluster based on ethnic-social affiliation across the geographic regions. The population configurations are consistent with geographic rather than ethnic criteria observed in other studies based on other biological variables (Reddy et al. 2000; Reddy, Dutta et al. 2001; Reddy, Sun et al. 2001) , including DNA polymorphisms (Dutta et al. 2002; Reddy, Demarchi et al. 2001; Reddy, Dutta et al. 2001; Reddy, Sun et al. 2001; Roychaudhury et al. 2001 ). This suggests diverse origins of the ethnic and caste groups from different linguistic or geographic regions.
The results of the autocorrelation reflect the unique feature of Indian population structure that the gene flow is restricted by the geography, that is, isolation by distance with reference to a single caste. Marital movement within a caste is traditionally restricted to small distances. Between the castes the gene flow is restricted by social norms (endogamy rule), even when the castes inhabit a single village. Overall, the lack of spatial structure in these dermatoglyphic variables is consistent with Indian population structure, in which numerous endogamous groups coexist, albeit as islands, with no or negligible gene flow between them. Therefore it is not surprising that the monotonic decline expected under the model of contiguous diffusion of genes is not evident in the Indian data. Another reason for the lack of clear spatial patterning may be the limited number of samples representing the Indian subcontinent and the disjoint nature of their distribution. Given that the samples were drawn from secondary sources, there was no way to surmount this shortcoming.
Overall, the palmar interdigital ridge counts were useful to clearly portray population affinities based on broad geographic affiliations of the groups. However, within a geographic or linguistic region, the ethnic-social affinities of the populations are depicted only subtly by these variables. The ethnic-social affinities of populations across linguistic or geographic regions are not reflected. The results of spatial autocorrelation for the palmar dermatoglyphics reiterate patterns observed earlier for other biological variables, such as anthropometric measurements and genetic markers, even on a relatively much reduced geographic scale (Reddy, Demarchi et al. 2001) .
